In the selective laser sintering (SLS) manufacturing technique a pre-heated layer of material powder undergoes a laser radiation in a selective way to produce three dimensional metallic or polymeric solid parts. Here, we consider sintering of polymer powder. The phase transformation in this process involves the material heat transfer which is strongly affected by the material sintering phenomena. A transient three dimensional finite element model is developed to simulate the phase transformation during the selective laser sintering process. This model takes into account the heat transfer in the material (powder and solid), the sintering and the transient nature of this process. The numerical simulation of the set of equations, describing the problem, is made possible by means of the commercial finite element software Abaqus. A bi-level structure integration procedure is chosen, in which the density is integrated at the outer level and the heat equation is integrated in the inner level. After successfully computing the integration of the density, a material Jacobian representing the thermal phenomena is computed and supplemented the Abaqus Code via an implicit user subroutine material. Results for temperature and density distribution, using a polycarbonate powder, are presented and discussed.
Introduction
The cost and associated time of producing one or few mechanical components is often very high relative to those for manufacturing high-volume of the same items where automation is employed. To substantially shorten the time and reduce the cost for developing patterns, moulds, and prototypes, rapid prototyping (RP) is developed to produce components directly from threedimensional CAD models. The common feature of RP is a layer-by-layer additive process in selective regions. A variety of RP techniques are available, including stereolithography, Selective laser sintering, fused deposition modelling and Laminated Object Manufacturing. This paper focus on the physics and numerical simulation associated with the selective laser sintering (SLS) process [1] . Selective Laser Sintering (SLS) prototypes are manufactured from powdered material that is selectively sintered (heated and fused) by a powerful CO 2 laser. The process begins with a 3D CAD file which is mathematically sliced into 2D cross-sections. With the fabrication piston at the top of the build volume, a roller assembly pushes build material from the powder supply to create a uniform layer over the fabricating piston. The scanning system draws the 2D cross-section on the surface of the build material resulting in the sintering of the powder. The process repeats itself until the object is complete [2, 3, 4, 5] . In this paper we analyse all parameters that can increase the product qualities and decrease the cost of production of SLS.
Model of the SLS process
The physical processes associated to the SLS process are mainly the heat transfer and sintering of powder. Based on previous work done by Sun and co-workers [6, 7] , the modelling and numerical simulation of the SLS process includes optical, thermal and rheological processes. The optical behavior is commonly referred to the interactions between the laser light and the powder bed surface. Phenomena considered in the optical model are reflection, transmissions, absorption, etc. The thermal behavior refers to the heat transfer mechanisms that occur due to the laser light penetrating the powder bed. Phenomena considered in the thermal model are conduction, convection and radiation. The rheological behavior refers to the sintering model due to the surface tension driven viscous flow of molten material.
Optical sub-model
The SLS workstation uses a powerful CO 2 laser as a thermal energy source for inducing selective fusion. In general, laser energy is characterized by a large heat flux contained in a small area. The distribution of laser intensity across the beam diameter follows nearly a Gaussian relationship [8] .
Where R is the reflectivity of the surface of the material, the reflectivity of the CO 2 laser in polycarbonate powder is approximately 4% [7] . 0 I is the maximum beam intensity, calculated from the laser power P and the characteristic radius of the laser intensity profile w [2] . Thermal sub-model In the SLS process where only an external heat flux q per unit area flowing into the body is considered, the heat transfer behavior can be described by the basic energy balance equation.
where ρ is the effective powder bed density and Ω is the volume of powder material with surface area S . The input parameters to equation (2) are the thermal conductivity, specific heat and density. The initial temperature distribution throughout the powder prior to sintering is assumed uniform, equal to the pre-heating temperature. The heat transfer equation (2) is subject to two boundary conditions [7] . The heat lost at the powder bed surfaces due to radiation and convection:
where 0 z T = is the temperature on the surface of powder bed (top of the powder bed i.e. 0 z = ), a T is the temperature of the exterior environment, h is the convective heat transfer coefficient, R ε is the surface emissivity of the material, and σ is the Stefan-Boltzmann constant. On the bottom, the powder bed is supposed behaving as an insulator due to its low thermal conductivity.
Before sintering the material is composed of powdered particles, i.e. not a continuum. It should be noted that the SLS physical parameters such as heat conductivity, specific heat varies with phase changes.
Heat conductivity
The local effective heat conductivity, e k , relates not only to the local temperature of the powdered bed, but also to the heat conductivity of solid material s k , the heat conductivity of air g k and the porosity ε . A model to calculate the heat conductivity is proposed by Yagi-Kuni [9] . This model considers separately two conditions, low-temperature and high-temperature. At low-temperature, only the phenomenon of convection affects the heat conductivity. While at high-temperature, the heat transfer by radiation is evidently enhanced that can also affect the heat conductivity: 
, is a model parameter function of the material porosity ε , and p D is the average diameter of powder grain. The model parameters rs h and rv h are the radiation heat transfer coefficients between solid surface of the powder grain, and between voids respectively.
Specific heat
The specific heat of polycarbonate material is assumed linear function of temperature in both the solid and the melt phases. The temperature dependence of the specific heat, p C , is given by the following equation [ Sintering sub-model In the SLS process, the material transformation from the powder phase to the solid phase is accompanied by variation of the local density ρ . The rate of variation of the material density is given by the following time dependant differential equation:
For polycarbonate material, the sintering pre-exponential factor A is taken equal to . The parameter max ρ is the density of the fully dense material [12] .
Results and discussion
The commercial finite element software ABAQUS has been used for simulation of SLS sintering model. A bi-level structure integration procedure is chosen, in which the density (equation 7) is integrated at the outer level and the heat equation is integrated in the inner level. After successfully computing the density equation at each time step, a material Jacobian representing the thermal phenomena (equation 2) is computed and supplemented to the Abaqus Code via an implicit user subroutine material. To verify the model described above we choose the polycarbonate because the needed physical parameters can be found in the literature. The material physical properties, laser properties and the initial conditions are reported in table 1: Regarding the finite element model, for simplicity we choose a cubic specimen with dimensions of 0.024 0.003 0.0005 m m m × × . A finite element mesh with 69,120 hexahedral eight nodes elements has been used for the simulation. Figure 1 shows the longitudinal temperature distribution corresponding to a scanning speed of s / m 33 . 0
with a laser power of W 8 on a sintering length of 0.02m. The temperature ranges from K 398°, which is the initial temperature, up to a temperature of K 1321°under the laser beam. To analyze the temperature diffusion in the powder, three points on a cross-section perpendicular to the path of the laser beam are chosen at a distance of 3mm from the initial position of laser beam. The first point is selected on the surface of the model in the center of the laser trace. The second and the third points are located at 0.075mm and 0.225mm vertically from the surface. Figure 2 shows the three points temperature profiles in a period of 0.06 s , the temperature at the surface reaches K 1200 once the laser beam pass by the first point while the maximum of the temperature at the second point is of K 700 . The temperature at the third point increases slightly due the weak thermal conduction of the material. Effect of the intensity of the laser To illustrate the effect of the laser beam power on the powder bed surface temperature and the sintered depth, the scanning speed is fixed to s / m 33 . 0
. Figure 5 shows the temperature distribution on the surface of the model function of laser beam power. The maximum temperature on the surface of the powder bed increases linearly with the laser beam power. Materials Science Forum Vol. 553 79
The linear behavior of the temperature on the surface of the powder bed ( figure 5) can not be reproduced on the powder sintered depth (see figure 6 ). 
Conclusion
We have successfully implemented a model for the simulation of selective laser sintering process, coupling the equations of heat transfer and powder sintering process. The simulations were conducted using a three-dimensional finite-element method. The heat source was modeled as heat flux applied on the surface elements of the finite element model. The predicted results show a strong dependence of the powder's sintered depth on the power and speed of the scanning laser beam.
